By reaction of poly(L-lactic acid) (PLLA) membrane with 1,6-hexanediamine, free amino groups were introduced onto a PLLA surface, through which biocompatible macromolecules such as gelatin, chitosan, or collagen were covalently immobilized by employing glutaraldehyde as a coupling agent. The existence of free amino groups on the aminolyzed PLLA surface was verified quantitatively by the ninhydrin analysis method, which revealed that surface NH 2 density increased with 1,6-hexanediamine concentration or aminolyzing time. Scanning force microscopy measurements detected an increase in surface roughness after aminolysis. The culture of human umbilical vein endothelial cells (HUVECs) in vitro proved that the cell proliferation rate and cell activity of both aminolyzed and biomacromolecule-immobilized PLLAs were improved compared with control PLLA. Scanning electron microscopy observation showed more spreading and flat cell morphology after HUVECs were cultured for 4 days on either aminolyzed or biomacromolecule-immobilized PLLA membranes. Confluent cell layers were observed on the modified PLLA. Measurement of von Willebrand factor secreted by these HUVECs confirmed that endothelium function was maintained. Therefore, aminolysis and biomacromolecule immobilization are promising ways to accelerate endothelium regeneration, which is crucial for blood vessel tissue engineering.
INTRODUCTION S
YNTHETIC BIODEGRADABLE POLYMERS such as aliphatic polyesters have generated increasing interest through their use as scaffolds to support the regeneration of tissue-engineered organs such as cartilage, blood vessel, and skin. Among these polyesters studied so far, polylactides have proved to be the most attractive and useful class of biodegradable materials because their degradation product, that is, lactic acid, which exists in the metabolism of all animals and microorganisms, is nontoxic. 1, 2 Nontoxic degradation product is certainly one important prerequirement for materials applied in tissue engineering. However, the hydrophobicity and poor cytocompatibility of polylactides used to construct scaffolds led to an inefficient interface with living cells. It is the surface of a biomaterial that first comes into contact with the living body. Thus, the initial response of cells to the biomaterial should depend on the surface properties. Therefore, surface modification of polylactides to improve their cytocompatibility is necessary.
There are many works devoted to surface modification of polylactides, with the intention of improving their cytocompatibility. Most of these works are related to the immobilization of natural materials such as gelatin, collagen, alginate, or biotin onto the hydrophobic polylactide surface. [3] [4] [5] [6] Gelatin had been immobilized on a poly(L-lactic acid) (PLLA) surface by reacting the alka-line solution of gelatin with PLLA directly. The modified PLLA showed better cell attachment properties for 3T3 fibroblasts in vitro. 3 Suh and co-workers grafted type I collagen on ozone-oxidized PLLA membranes; attachment, growth, and collagenous protein synthesis of rat osteoblasts on the modified membranes were significantly improved in vitro. 4 The combination application of photooxidation and ultraviolet (UV)-induced grafting polymerization has been successfully used to graft hydrophilic polymers such as poly(methacrylic acid) onto a PLLA surface. Biomacromolecules such as gelatin were consequently immobilized with a water-soluble carbodiimide (WSC) as a condensing agent. The attachment and growth rate of human umbilical vein endothelial cells (HUVECs) on modified PLLA membrane were greatly improved. 7, 8 We have developed a novel surface modification method, that is, aminolysis of ester-containing polymers with diamine compounds, to introduce free amino groups onto a polymer surface. 9 By employing this method, PLLA was aminolyzed with 1,6-hexanediamine to introduce amino groups on its surface, and gelatin, chitosan, or collagen was subsequently immobilized with glutaraldehyde as a coupling agent. An improved endothelium regeneration rate in vitro has been achieved after aminolysis or biomacromolecule immobilization, resulting in a promising candidate material for blood vessel tissue engineering.
MATERIALS AND METHODS

Aminolysis of PLLA membrane
PLLA membrane was prepared by dissolving 3 g of PLLA (Mn 400,000, Mw 800,000) in 100 mL of distilled ZHU ET AL.
1,4-dioxane, and the mixture was then spread onto a stainless steel plate. The solvent was evaporated at 35°C for 24 h, and further dried under reduced pressure for another 24 h at 30°C. Translucent PLLA membrane with a thickness of ,80 mm was obtained. The membrane was immersed in an alcohol-water (1:1, v/v) solution for 2-3 h to remove oily dirt, washed with a large amount of deionized water, and dried under reduced pressure at 30°C for 24 h to constant weight. The membrane was subsequently immersed in distilled 1,6-hexanediamine-propanol solution at a suitable concentration for a given time at 50°C, and then was rinsed with deionized water for 24 h at room temperature to remove free 1,6-hexanediamine and dried under reduced pressure at 30°C to constant weight.
Immobilization of gelatin, chitosan, or collagen
The aminolyzed PLLA membrane was immersed in 1.0 wt% glutaraldehyde (GA) solution for 3 h at room temperature, followed by rinsing with a large amount of deionized water for another 24 h to remove free GA. The membrane was then incubated in gelatin (2 mg/mL in phosphate-buffered solution [PBS, pH 7.4]), chitosan (2 mg/mL in PBS, pH 3.5), or collagen (3 mg/mL in PBS, pH 3.4) for 24 h at 2-4°C. The gelatin-immobilized membrane was rinsed with deionized water for at least 24 h to remove free gelatin. The collagen-and chitosan-immobilized membranes were rinsed with 1.0% acetic acid solution and then rinsed with deionized water for 24 h to remove free chitosan or collagen. 7, 8 
Determination of amino groups
The indicator agent, ninhydrin, was used to detect qualitatively and quantitatively the existence of NH 2 groups lution containing 1,6-hexanediamine of known concentration (Fig. 1) .
Human umbilical vein endothelial cell culture
Human umbilical vein endothelial cells (HUVECs) were isolated from human umbilical cord veins with a 1.0-mg/mL concentration of collagenase (type I; Sigma, St. Louis, MO) in PBS (pH 7.4) for 20 to 25 min at room temperature. 10 Isolated HUVECs were routinely seeded at a density of 12 3 10 4 /cm 2 on beds prelaid with control or modified PLLA membranes as well as on tissue culture polystyrene (TCPS) (Nunc, Roskilde, Denmark) as control. HUVECs were incubated in culture medium consisting of 20% (v/v) fetal calf serum (FCS; Sijiqin Biotechnology, Hangzhou, China) and 80% RPMI 1640 (GIBCO-BRL, Gaithersburg, MD) supplemented with penicillin (100 units/mL) and streptomycin (100 mg/mL) in humidified air containing 5% CO 2 at 37°C. After incubation for 24 h, the culture medium was changed and then changed every 2 days. HUVECs were fixed with 2.5% GA for 30 min for observation of cell morphology by scanning electron microscopy (SEM) after being cultured for 4 days. Cell attachment and the proliferation ratio were averaged from four parallel measurements at 12 h and 4 days, respectively, by trypsinization of HUVECs and counting the cells with a hemocytometer. Cell attachment and the proliferation ratio were defined as N 1 /N TCPS 3 100% and (N 2 2 N 1 )/N 1 3 100%, respectively, where N 1 , N 2 , and N TCPS represent the cell number per well at 12 h and 4 days on samples and at 12 h on TCPS, respectively (see Fig. 5 ).
Cell activity was measured by the methylthiazoletetrazolium (MTT) method according to Yang et al. 11 and Situ et al. 12 Tetrazolium salts can be used to assess the activity of various dehydrogenase enzymes. MTT is a water-soluble tetrazolium salt yielding a yellowish solution when dissolved in PBS solution. Dissolved MTT can be converted into an insoluble purple formazan product by cleavage of the tetrazolium ring by dehydrogenase enzymes in mitochondria. Only viable cells can cause this conversion. This water-insoluble formazan can be dissolved by dimethyl sulfoxide (DMSO), and can be quantitatively measured by absorbance spectroscopy. In the experimental assay, the MTT solution was prepared by dissolving 50 mg of MTT in 10 mL of PBS, and filtered to sterilize and remove small amounts of insoluble residues. Twenty microliters of filtrate was then added to every well of a 96-well TCPS plate. Samples were incu-ZHU ET AL. bated at 37°C for 4 h. After incubation, supernatants were removed and 100 mL of DMSO was added. The samples were shaken gently until the purple formazan crystals were thoroughly dissolved. Absorbance of the sample was recorded at 492 nm. Four parallel measurements were averaged for each sample and expressed as a percentage of the absorbance of cells seeded in TCPS.
Measurement of released vWF via enzyme-linked immunosorbent assays
Secretion of von Willebrand factor (vWF) was measured in the supernatant of cultured HUVECs by vWF ELISA (Sun Diagnostics, Shanghai, China). 13 After being cultured for 72 h, cells were washed with culture medium without FCS, followed by a 2-h incubation in culture medium supplemented with 20% FCS. Subsequently, supernatant was collected and centrifuged (10 min, 400 3 g) to remove cell debris. vWF in the supernatant was bound by peroxidase-conjugated anti-vWF antibody, which can be detected quantitatively with o- phenylene diamine (OPD) as substrate. Optical density was read at a wavelength of 492 nm, 14 and compared with a standard curve constructed for human plasma. One milliliter of plasma was assumed to contain ,10 mg of vWF (1 unit). 15 
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Characterization
Absorbance in the UV-visible range was measured in a spectrophotometer (UV-1601, Shimadzu, Kyoto, Japan). The water contact angle was measured at room temperature on a DSA10-MK2 contact angle measuring system from Krüss (Hamburg, Germany), using the sessile drop method. The scanning force microscopy (SFM) image was obtained by scanning probe microscopy (SPI 3800N; Seiko, Japan) in tapping mode. The appearance of cells was observed by SEM (Stereoscan 260; Cambridge, Instruments, Cambridge, MA).
RESULTS AND DISCUSSION
Effect of preparation conditions on NH 2 density on PLLA membrane surface NH 2 density on PLLA membrane surface is influenced by the concentration of 1,6-hexanediamine, aminolyzing time, temperature, and so on. Because the glass transition temperature of the present PLLA is 62°C, the aminolyzing temperature should be lower than this value to maintain the shape of the membrane. Hence, 50°C was chosen to perform the following reactions. Figure 2 shows that NH 2 density increases with 1,6-hexanediamine concentration. However, when the concentration of 1,6-hexanediamine is equal to or greater than 0.1 g/mL, the mechanical properties of the PLLA membrane become worse. A similar tendency relative to NH 2 amount is found in Fig. 3 : again, when the aminolyzing time is equal to or longer than 20 min, the PLLA membrane is also greatly degraded. To maintain enough mechanical properties for practical application, PLLA membrane was aminolyzed at 50°C for 8 min in a 1,6-hexanediamine-propanol solution (0.06 g/mL). According to the calibration curve obtained with 1,4-dioxane-isopropanol (1:1, v/v) solution containing 1,6-hexanediamine of known concentration (Fig. 1) , the NH 2 density on PLLA membrane aminolyzed under these conditions was ,1.6 3 10 27 mol/cm 2 . From this result one can calculate the average area per amino-terminated chain, ,0.1 Å 2 , supposing that the membrane surface was absolutely smooth and all the amino groups had accumulated only on the superficial layer. This is obviously unreasonable and impossible. SFM measurement showed that the control PLLA membrane was rough and there existed many pores generated during the solvent evaporation process (Fig. 4) . After aminolysis, the PLLA membrane surface became rougher. The existence of these pores provided also the probability that 1,6-hexanediamine molecules could penetrate the PLLA membrane. Thus the real NH 2 density on PLLA membrane surface may be far less than ,1.6 3 10 27 mol/cm 2 . However, the NH 2 density on PLLA membrane can be regulated and controlled by manipulating the degree of aminolysis.
Biomacromolecule immobilization
The introduction of free NH 2 groups onto the membrane surface not only modifies the poor hydrophilicity, but also provides the necessary active sites through which other amino-containing components can be further immobilized, using GA as a coupling agent. 16 With this method biomacromolecules such as gelatin, chitosan, and collagen have been immobilized on amino-containing substrata in previous studies. Table 1 shows the surface wettability alteration before and after PLLA membrane was aminolyzed and further immobilized by gelatin, chitosan, and collagen. Water contact angles measured by the sessile drop method decreased slightly after the PLLA membrane was aminolyzed, but decreased obviously after biomacromolecule immobilization. That is, the hydrophilicity of PLLA membrane was increased after it was modified. On the other hand, this wettability alteration also confirmed the occurrence of the aminolysis reaction and the immobilization of biomacromolecules.
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Cell compatibility of modified PLLA membrane
The increase of surface hydrophilicity after aminolysis and immobilization of biocompatible macromolecules provides the possibility to improve the cytocompatibility of PLLA. Results of HUVEC culture in vitro showed that the cell attachment on the aminolyzed PLLA was improved slightly compared with that of the control PLLA (Fig. 5) . However, the cell proliferation ratio and activity after culture for 4 days were improved greatly, and were even better than that of cells on TCPS. HUVECs on the aminolyzed PLLA membrane also showed a flat and spreading morphology whereas those on the control PLLA did not spread well and the cell number was reduced, as shown in Fig. 6a and b. It is worth noting that the negative value for column b in Fig. 5 would mean that a smaller number of cells was attached at 4 days than that was seeded.
After immobilization of the biomacromolecules, cytocompatibility was improved (Figs. 5 and 6 ), as expected. The attachment ratio, proliferation ratio, and activity on gelatin, chitosan-, or collagen-immobilized PLLA membranes were much higher than those of cells on control 
